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Abstract 


Solid oxide fuel cells (SOFCs) are electrochemical reactors that can directly convert the chemical energy of a fuel gas into electrical energy 
with high efficiency and in an environment-friendly way. The recent trends in the research of solid oxide fuel cells concern the use of available 
hydrocarbon fuels, such as natural gas. The most commonly used anode material Ni/YSZ cermet exhibits some disadvantages when hydrocarbons 
were used as fuels. Thus it is necessary to develop alternative anode materials which display mixed conductivity under fuel conditions. This article 
reviews the recent developments of anode in SOFCs with principal emphasis on the material aspects. In addition, the mechanism and kinetics of 
fuel oxidation reactions are also addressed. Various processes used for the cost-effective fabrication of anode have also been summarized. Finally, 
this review will be concluded with personal perspectives on the future research directions of this area. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 
Fuel cells are devices for electrochemically converting the 
chemical energy of a fuel gas into electrical energy and heat with- 
* Corresponding author. Tel.: +49 89 289 12527; fax: +49 89 289 12536. out the need for direct combustion as an intermediate step, giving 
E-mail address: csun@ ph.tum.de (C. Sun). much higher conversion efficiencies than traditional energy con- 
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version systems. In addition, this technology does not produce 
significant amounts of pollutants such as nitrogen oxides com- 
pared with internal combustion engines. Consequently, fuel cells 
are seen as more ideal energy sources in transport, stationary, and 
distributed power generators. The requirement of pure hydro- 
gen or hydrogen-rich fuel is a major obstacle for commercial 
application of fuel cells. 

The solid oxide fuel cells (SOFCs), based on an oxide-ion 
conducting electrolyte, have several advantages over other types 
of fuel cells, including relatively inexpensive materials, rela- 
tively low sensitivity to impurities in the fuel, and very high 
efficiency. Direct use available hydrocarbon fuels without first 
reforming them to hydrogen will greatly decrease the complex- 
ity and cost of the fuel cell system. Although the excellent 
electrocatalytic properties of the common used Ni/YSZ cermet 
materials in SOFCs for operation in H: fuel, they will suffer 
from carbon deposition and sulfur poisoning when hydrocarbon 
fuels are used [1—6]. Therefore, it is still facing great challenge 
for the development of new anode materials in SOFCs. 

In recent years, there are intensive studies on the anode of 
solid oxide fuel cells, which are involved in many disciplinary 
fronts, mainly including materials, catalysis, surface science, 
and electrochemistry. This review aims to provide an overview 
of present research in the field of anode of SOFCs from materials 
to reaction mechanisms, to cost-effective fabrication processes. 
It will begin with a review of SOFCs operating principles. The 
emphasis will be placed on the development of anode material 
researches, especially for those that can directly utilize hydro- 
carbon fuels and tolerate sulfur. 


1.1. Basic operating principles of a SOFC 


Fig. 1 is a schematic diagram showing how SOFCs work. 
Starting from the cathode, molecular Oz is first reduced to oxy- 
gen anions, using electrons external from the cell, in a half-cell 
reaction that can be written as follows: 


507 + 2e7 = 0% (1) 
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Anode reactions: 

H3 + O? —> H,O + 2°- 

Fuel CO + O2 A CO, + 2e- 
CnHan+2 + (3N +1)02 A 
nCO, + (n+1)H,O + (6n+2)e- 


Fig. 1. Schematic diagram showing the working principle of a solid oxide fuel 
cell. 


In order to accomplish this reaction, the cathode must be able 
to dissociate O2 and be electronically conductive. The com- 
mon cathode material is Sr-doped LaMnO3 (LSM). In addition, 
there are lots of mixed ionic—electronic conductors (MIEC), 
which can be used as cathodes, such as, Lag 6Sro.4Feo.3Co9.203 
[7,8], Bao.5Sto.sCoo.gFeo.203_5 [9], Smo.5 Bro sto [10]. The 
ideal cathode materials should readily dissociate molecular oxy- 
gen, have high electronic and ionic conductivities, and have a 
coefficient of thermal expansion that matches with that of the 
electrolyte. 

The electrolyte must be dense in order to separate the air 
and fuel compartments, must possess high ionic conductivity 
in order to allow easy migration of oxygen anions, and must 
be an electronic insulator. Furthermore, the electrolyte must 
maintain these properties over a wide range of p(O2), since 
the partial pressure of O2 changes from ~1 atm at the cath- 
ode to ~107% atm or lower at the anode [3]. The operating 
temperature for SOFCs is largely determined by the temper- 
ature required to achieve sufficient ionic conductivity in the 
electrolyte. The most commonly used electrolyte material is 
yttria-stabilized zirconia (YSZ). Some other oxides, such as 
doped ceria, Lao.9Sro.ı Gao.sMgo.202.35 (LSGM), are also under 
consideration because they have higher ionic conductivities [1]. 
To date, however, YSZ continues to be the material of choice 
because it is stable over a wide range of p(O2), has reason- 
able mechanical strength, and is inexpensive. Because decreased 
operating temperatures simplify the material requirements in 
other parts of the SOFC, there is a trend toward using electrode 
supported thin electrolyte structures. 

The anode not only functions as the sites for the electro- 
chemical oxidation of the fuel, but also transfers charge to a 
conducting contact. Driven by the difference in oxygen chemical 
potential between fuel and air compartments of the cell, oxygen 
anions migrate through the electrolyte to the anode where they 
are consumed by oxidation of the fuel according to the following 
reactions: 


H + 07> > H20 + je (2) 
CO + O% > CO? +2e7 (3) 
CyHon42 + 3n + IO 

—> nCOo + (n + 1)H20 + (6n + 2)e~ (4) 


Therefore, the catalytic properties of the anode to the fuel 
oxidation reaction are important. In addition, the anode mate- 
rials must be compatible (chemical and thermal expansion) 
with other components (the electrolyte and interconnect). The 
anode must also provide paths for transport of gas from the 
fuel, electrons to the interconnect, and provide for the reac- 
tions of the oxygen ions from the electrolyte. In conventional 
designs using YSZ as the electrolyte, Hz or the mixture of 
CO and Ha as a fuel, the anode is a ceramic-metallic compos- 
ite of nickel and YSZ (usually referred to as a “cermet’). In 
additions, other mixed ionic and electronic conducting oxides 
have also been used as the anode, which will be discussed 
later. 
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Fig. 2. Ideal and actual fuel cell voltage—current characteristic [12]. 


The ideal voltage (E°) from a single cell under open circuit 
conditions (OCV) is calculated to be 1.01 V at 800°C from the 
Nernst equation with pure hydrogen at the anode and air at the 
cathode [11]. However, the actual voltage output (V) under load 
conditions is usually lower than El. given by 


V = E° — IR — he — Ma (5) 


where Zis the current through the cell, R the cell resistance, and ne 
and na are the polarization losses associated with the cathode and 
anode, respectively. The voltage decrease is caused by several 
types of irreversible losses, as shown in Fig. 2 [12]. Multiple 
phenomena contribute to the irreversible losses in an actual fuel 
cell. These losses can be minimized by optimizing the properties 
of various components in a fuel cell, such as microstructure, 
exchange kinetics, transport properties, and so on. 

In high-temperature fuel cells, the activation-related losses 
are often much less significant, and hence the characteristic con- 
cave portion of the V-I curve is hard to distinguish. In addition, 
as transport-related losses play a more important role, the convex 
portion of the curve often extends further to the left. 


1.2. The anode three-phase boundary 


The performance of a SOFC depends strongly on the anode 
structure which is mainly determined by the fabrication method. 
In addition, electrochemical reactions are quite different from 
normal heterogeneous reactions in some aspects [13]. Therefore, 
it is necessary to consider how the anode works on a microscopic 
scale [14,15]. It is well known that the electrochemical reac- 
tion can only occur at the three-phase boundary (TPB), which 
is defined as the collection of sites where oxygen ion conduc- 
tor (the electrolyte), the electron-conducting metal phase, and 
the gas phase all meet together. A schematic illustration of the 
region between the electrolyte and the anode where the TPB 
exists is shown in Fig. 3 [3]. If there is a breakdown in con- 
nectivity in any one of the three phases, the reaction cannot 
occur. If ions from the electrolyte cannot reach the reaction site, 
if gas-phase fuel molecules cannot reach the site, or if elec- 
trons cannot be removed from the site, then that site cannot 
contribute to the performance of the cell. While the structure 
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Fig. 3. Schematic diagram of Ni/YSZ anode three-phase boundary [3]. 


and composition clearly affect the size of the TPB, various the- 
oretical and experimental methods have been used to estimate 
that it shortens no more than approximately 10 um from the 
electrolyte into the electrode [3,13,16,17]. Essentially, so long 
as the diffusion of ions through the electrolyte partially limits 
the performance, the concentration of excess ions in the oxide 
phase of the anode will be insignificant. The TPB concept has 
important implications for the optimization of both anodes and 
cathodes. State-of-the-art fuel cell electrodes typically have a 
complex micro/nano-structure involving interconnected elec- 
tronically and ionically conducting phase, gas phase porosity, 
and catalytically active surfaces [18,19]. 


2. The development of anode materials 
2.1. Ni-YSZ cermet anode materials 


The Ni in the cermet anode provides electronic conductivity 
and catalytic activity, both for direct oxidation and for steam 
reforming of methane. The YSZ provides a thermal expansion 
match with the YSZ electrolyte and also ionic conductivity to 
extend the reaction zone in the anode, in addition to function 
as a structural support for the anode that prevents Ni sinter- 
ing [1-4]. Because NiO and YSZ do not form solid solutions, 
even at high temperatures, this green body can be sintered to 
form a NiO-YSZ composite and then reduced to form a porous 
Ni-YSZ cermet [20]. The amount of Ni is typically at least 
30 vol.% to achieve the percolation threshold for electronic con- 
ductivity [21]. This material fulfils most requirements of the 
anode. The disadvantages of this material are its poor redox sta- 
bility, low tolerance to sulphur [22], carbon deposition when 
using hydrocarbon fuels and the tendency of nickel agglomera- 
tion after prolonged operation. Especially, the low tolerance for 
carbon deposition makes this material inappropriate for opera- 
tion with available hydrocarbon fuels [1—6,23]. Since nickel is an 
excellent catalyst for both steam reforming and hydrogen crack- 
ing, carbon deposition occurs rapidly when hydrocarbon was 
used as the fuel, unless excess steam is present to ensure steam 
reforming. The composition of the anode, particle sizes of the 
powders and the manufacturing method are crucial to achieving 
high electronic conductivity, adequate ionic conductivity, and 
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high activity for electrochemical reactions, reforming and shift 
reactions. 

In general, to solve the problem of carbon deposit when using 
hydrocarbon fuels, several methods have been adopted. Firstly, 
the carbon deposition can be avoided by reducing operating tem- 
perature. Steele et al. [24] found that carbon arising from the 
dissociation of CH4 is not deposited on many oxides until the 
temperature exceeds about 750 °C. Murray et al. [25] deposited a 
0.5 wm thick (Y203)o,15(CeO2)o.35 (YDC) porous film between 
YSZ electrolyte and Ni-YSZ anode using dc reactive magnetron 
sputtering. They achieved direct electrochemical oxidation of 
methane in solid oxide fuel cells at lower temperature. The power 
density is 0.37 W cm~? at 650°C and no carbon deposition was 
observed. However, Ni—ceria was used successfully only with 
methane and at relatively low temperatures. 

Secondly, it can be avoided by improving the present 
anode materials. For example, a composite anode consisting of 
Cu—CeO2—YSZ/SDC demonstrated that the addition of CeO? to 
Cu-—YSZ/SDC cermet significantly enhanced the performance of 
the cell, especially for hydrocarbon fuels [26-30]. It is suggested 
that CeO2 promotes hydrocarbon oxidation. Typically, Gorte et 
al. [31] replaced Ni cermets with composites containing Cu and 
ceria or samaria-doped ceria. Unlike Ni, Cu is not catalytically 
active for carbon deposition but is effective as a current collector, 
while ceria provides a high catalytic activity for hydrocarbon 
reforming due to its oxygen storage and transport properties. 
They reported the direct, electrochemical oxidation of various 
hydrocarbons (methane, ethane, 1-butene, n-butane and toluene) 
at 973 and 1073 K. Gas phase pyrolysis reactions can still lead 
to tar formation on Cu cermet, however, the compounds that 
form on Cu tend to be polyaromatics rather than graphite. It 
has been suggested that these compounds enhance anode per- 
formance by providing additional electronic conductivity in the 
anode. 

However, Cu is not good as an electrocatalyst as Ni, and 
power densities reported for thin YSZ electrolyte SOFCs with 
Cu-based anodes are lower than that for Ni-based anodes. In 
addition, Cu is a relatively low melting point metal, and is 
thus not compatible with many standard high-temperature SOFC 
fabrication techniques. One way of enhancing the activity and 
stability of Cu-based anodes involves alloying the Cu with a 
second metal that has higher catalytic activity, for which nickel 
seems to be a better choice [11]. Kim et al. [32] tested a range 
of Cu/Ni alloys at 800°C in CH4, with a composition of 0, 10, 
20, 50 and 100% Ni. It was found that although small carbon 
deposits were formed there was an increase in power density over 
time. The increase in power density was attributed to an increase 
in electronic conductivity in the anode, and it implied the benefits 
of a small amount of carbon to fuel cell performance. They also 
observed that the Cu/Ni alloys display very different properties 
to either Ni-based or Cu-based cermets. Lee et al. [33] examined 
the performances of anodes containing mixtures of Cu and Ni or 
Cu and Co operated with both H2 and n-butane fuels at 973 and 
1073 K. The bimetallic anodes exhibited improved performance 
in H2 at 973 K compared to Cu-based anodes and decreased car- 
bon formation in n-butane compared to Ni- or Co-based anodes. 
In comparison, the Cu—Co appears to be more tolerant to car- 


bon formation, possibly because Cu and Co are largely kept in 
separate phases. These results suggest that bimetallics are worth 
considering for fuel cells that operate on hydrocarbons. Xie et al. 
[34] further studied the performances of fuel cells consisting of 
a tri-metal alloy of FeyCoo.5_,Nig.5/Smo.2Cep,g01.9 (SDC) cer- 
met, CGO electrolyte and Smo.5Sto.sCoO3/SDC cathode. They 
found the fuel cells consisting of the tri-metal anode showed the 
lowest interfacial resistance and highest power density, and with 
x=0.25 a much better electrochemical performance than that of 
Ni/SDC was observed. 

Thirdly, it can be alleviated or avoided by looking for alterna- 
tive anode materials, mainly including some fluorite, perovskite, 
tungsten bronze, and pyrochlore structure materials, which will 
be discussed in the following sections. 


2.2. Alternative anode materials 


In the context of direct utilization of available hydrocarbon 
fuels in SOFCs, the materials with mixed ionic and electronic 
conducting oxide may be desirable. The mixed conductivity 
extends the active zones that electrochemical reactions can occur 
by allowing O% ions to any position of interfaces between the 
anode and gas phase. 


2.2.1. Fluorite anode materials 

Other materials such as conductive oxides have been pro- 
posed as possible SOFC anode materials. Until now, most SOFC 
developers used doped ceria as the anode material to lower 
the operating temperature. Ceramics based on CeO exhibit 
mixed ionic and electronic conductivity in a reducing atmo- 
sphere due to reduction of Ce** to Ce**. In addition, it is believed 
that the excellent catalytic activity of CeO2 based materials 
stemmed from the oxygen-vacancy formation and migration 
associated with reversible CeO2—Ce203 transition [35,36]. It 
has been reported that ceria-based ion conductors [37] have a 
high resistance to carbon deposition, which permits the direct 
supply of dry hydrocarbon fuels to the anode. The more effec- 
tive method, however, is the addition of Ni, Co and some nobel 
metals, such as Pt, Rh, Pd and Ru, which are beneficial to the 
reforming reactions of hydrocarbon, due to their functions of 
breaking the C-H bond more easily, especially for the case of 
Ru [38,39]. 

Hibino et al. [40,41] studied a thin ceria-based electrolyte film 
SOFC with a Ru-Ni-GDC (Ceo,9Gdo,101.95) anode that was 
directly operated on hydrocarbons, including methane, ethane, 
and propane, at 600°C. They claimed that the role of the Ru 
catalyst in the anode reaction was to promote the reforming 
reactions of the not reacted hydrocarbons by the produced steam 
and CO2, which avoided interference from steam and CO? in 
the gas phase diffusion of the fuels. The resulting peak power 
density reached 750 mW cm~? with dry methane, which was 
comparable to the peak power density of 769 mW cm~? with 
wet (2.9 vol.% H20) hydrogen. 

Most recently, Barnett group reported a new SOFC that com- 
bines a Ru—CeO2 catalyst layer with a conventional anode, 
allowing internal reforming of iso-octane without coking, mak- 
ing this solid oxide fuel cell a promising candidate for practical 
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and efficient fuel cell applications [42]. The fuel cell with SDC 
(Ceo.gsSmo.15O01.925) as electrolyte yielded maximum power 
densities of ~0.35 W cm~? at 570°C, a value comparable to 
those reported for other SDC based electrolyte cells operated on 
H2. However, as pointed by the authors, one of the drawbacks 
to the catalyst layer is that it reduces the rate at which fuel can 
diffuse to the anode, thereby decreases cell power density. Sun 
et al. [43] improved the structure of the fuel cells by using a 
flowerlike mesoporous CeO? microsphere as a catalyst support. 
It was found that the performance of the fuel cell used CeO2—Ru 
microsphere catalyst layer is obviously improved, producing 
maximum power density up to 0.654 W cm~? at 600°C. Elec- 
trochemical impedance spectroscopy (EIS) analysis showed the 
kinetic characteristic of anode reactions in the fuel cell with 
porous CeO2—Ru microsphere catalyst layers was significantly 
enhanced. 

Ramirez-Cabrera et al. [44] studied gadolinium-doped ceria, 
Ceo.9Gdọo.101.95 (CGO) as an anode material at 900°C in 5% 
CH; with steam/methane ratios between 0 and 5.5. The results 
revealed this material is resistant to carbon deposition; the reac- 
tion rate was controlled by slow methane adsorption. Marina 
et al. [37] studied the same catalyst for methane oxidation. It 
was also demonstrated that ceria has a low activity for methane 
oxidation but a high resistance to carbon deposition. 

Antonucci et al. [45] investigated a Ru/CGO electrocatalyst 
combined with a Cu current collector for the direct electro- 
oxidation and internal reforming of propane in a solid oxide fuel 
cell. Comparable electrochemical power densities for both direct 
oxidation and internal reforming have been measured at 750°C. 
They found that the electrochemical performance in the presence 
of propane was significantly affected by the polarization resis- 
tance which is about four times larger than that obtained for the 
SOFC fed with hydrogen. However, out-of-cell steam reforming 
tests showed a C3Hg conversion to syngas approaching 90% at 
800°C. No carbon deposits was observed both upon operation of 
the anode in the direct oxidation and internal reforming process 
at 750°C. 

Hibino et al. [46] studied the electrocatalytic oxi- 
dation of methane over anodes (0-10 wt.% Pd—30wt.% 
Ceo.gSmo,201.9—Ni) in a single-chamber SOFC, with a mixture 
of methane and air between 450 and 550°C. They found the 
addition of small amount of Pd to the anode significantly pro- 
moted the oxidation of methane by oxygen to form hydrogen and 
carbon monoxide, which resulted in electromotive forces of ca. 
900 mV from the cell and extremely small electrode-reaction 
resistances of the anode. At 550°C, the peak power densities 
reached 644 mW cm~? when a 0.15 mm thick SDC electrolyte 
was used. 

Ahn etal. [47] examined the properties of Cu-ceria composite 
anode by replacing CeO2 with a Ceo.6Zro.402 solid solution. 
They found that Ceo ,6Zro.402 improved the thermal stability of 
anode, which is assigned to the improved reducibility of the solid 
solution compared to that of pure ceria. 

Wisniewski et al. [48] tested Ir/Ceo.9Gdg,;O2_, for CO2 
reforming of CH4 at 600-800 °C, with CH4: CO? ratios between 
2 and 0.66. They found that the catalyst showed good stability 
over 20 h, and no carbon formation was observed except in very 


severe conditions of CH4:CO2 = 2 at 800°C. However, they did 
not report comparison of the anode performance to that of Ni- 
or Cu-based cermets. 

Recently, Ye et al. [49] investigated the performance of 
Cu—CeO2-ScSZ (Scandia stabilized zirconia) composite anode 
for a SOFC running on ethanol fuel. They found the fuel cell 
with 21.5 wt.% Cu-8.5 wt.% CeO2—-ScSZ anode showed the 
best performance. At 800°C, this anode showed a stable per- 
formance for stream of ethanol and water, after 50h operation 
on ethanol steam, the cell almost kept the same power output 
at 210 mW cm~? and there was no visible carbon deposition on 
the anode surface after operation, but the mechanism of ethanol 
oxidation is still not understood. 

For extending the regions that electrochemical reactions can 
occur, the introduction of transition metal oxides, e.g., TiO2, 
into a zirconia solid solution for use as anode materials is 
a promising strategy. Such materials display reasonable elec- 
trochemical activity that is comparable to that of ceria doped 
with 40% Gd. Tao et al. [50] found that TiO2 may be dis- 
solved to about 18 mol % in ternary systems Y203—ZrO2—-TiO2 
and Sc203—ZrO2-TiO2, and 20 mol % in the quaternary sys- 
tem Sc203—-Y203-ZrO2-TiO2. The ionic conductivity is related 
to the oxygen vacancy concentration and the size of dopant 
ions, and electronic conductivity to the lattice parameter, the 
sublattice ordering, as well as the degree of Ti substitution. 
Small lattice parameters are beneficial to electron hopping, 
resulting in higher electronic conductivity. They found that intro- 
duction of scandium into the Y203—ZrO2—-TiO2 system has 
significantly improved both ionic and electronic conductivities. 
The highest ionic conductivity (1.0 x 107? Scm7! at 900°C) 
and electronic conductivity (0.14 S cm! at 900°C) were 
observed for Sco.2Zro.62Tio.1801.9 and Sco.1 ot Zro.6 Tio.201.9, 
respectively. Considering the required levels of both ionic 
and electronic conductivities for ideal SOFC anode materials, 
Sco.15 Y0.05Z10.62Ti9.1g01.9 seems to be a promising candi- 
date. 

Kobayashi et al. [51] investigated the partial conductivities 
of electrons and holes in YSZ doped with 5 mol % of TiO. The 
result is the partial conductivities of holes, op, and electrons, on, 

i 1/4 —1/4 : 
were proportional to po, and po," , respectively, except for on 
in the low p(O2) regime. The partial conductivity of electrons, 
On, Was greater than that in non-doped one. 

Wang et al. [52] investigated the performances of Tb and Ti 
doped YSZ mixed conducting electrode in thin-film YSZ cells. 
They found Tb and Ti doped YSZ enhance cell power densities 
from 15 to 50% at 800°C. 

Hirabayashi et al. [53] studied doped Bi-based oxides as 
potential anode materials for direct hydrocarbon solid oxide 
fuel cells. It was found that (Bi203)0.85(Ta2Os5)o.15 showed a 
promising candidate at intermediate temperatures (600°C). A 
fraction of Bi203 in this material was reduced to BiO and Bi 
metal under fuel conditions, which yielded higher mixed con- 
ductivity and sufficient catalytic activities to promote complete 
oxidation of hydrocarbons. No carbon deposition was observed 
when butane was used as the fuel below 800 °C. In addition, this 
anode material was stable to both fuel and air and could avoid 
carbon deposition. 
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n+m=6 


Fig. 4. Unit cell of the ABO3 perovskite structure [54]. 


2.2.2. Perovskite anode materials 

The perovskite-type oxide has the general formula ABOs, in 
which A and B are cations with a total charge of + 6. The lower 
valence A cations (such as, La, Sr, Ca and Pb, etc.) are large 
and reside on the larger spaces in the 12-fold oxygen coordi- 
nated holes, the B cations (such as, Ti, Cr, Ni, Fe, Co and Zr, 
etc.) occupy the much smaller octahedral holes (six fold coor- 
dination). Full or partial substitution of the A or B cations with 
cations of different valence is possible. When the overall valence 
of the A-site and B-site cations (n +m) adds up to less than 6, 
the missing charge is made up by introducing vacancies at the 
oxygen lattice sites [54]. Fig. 4 shows the typical structure of 
the cubic perovskite ABO3. Recently, a lot of new compounds 
with perovskite structure have been offered as alternative anode 
materials in SOFCs. 

Tao et al. [55] reported an oxygen-deficient perovskite 
Lao.75St0.25Cro.sMno,503, with comparable electrochemical 
performance to that of Ni/YSZ cermets and with good catalytic 
activity for the electro-oxidation of CH4 at high temperatures. 
The electrode polarization resistance approaches 0.2 Q cm? at 
900 °C in 97% H2/3% H20. Very good performance is achieved 
for methane oxidation without using excess steam. The anode is 
stable in both fuel and air conditions, and shows stable electrode 
performance in methane. Both redox stability and operation in 
low steam hydrocarbons have been demonstrated, overcoming 
two of the major limitations of the Ni- YSZ cermet anodes. How- 
ever, Lag.75St0.25Cro,5Mng,.5 03 has a low electronic conductivity 
in the reducing anodic atmosphere and is not stable to sulfur 
impurities in the fuel [56], even when impregnated with CuO to 
improve the electronic conductivity in the reducing atmosphere 
at the anode, the long-term performance has been proven unsat- 
isfactory [57]. Nevertheless, their work pioneered the use of an 
oxygen-deficient, mixed-valence perovskite as a MIEC for the 
anode material of a SOFC. These oxides also have a thermal- 
expansion coefficient that is compatible with that of the solid 
oxide electrolyte. 

Recently, Goodenough et al. [58] reported identification 
of the double pervskite Srz2Mg;_,Mn,MoOg_s that can be 
used with natural gas as the fuel under operating temperatures 
650°C <T<1000°C with long-term stability and tolerance 
to sulfur. This material is characteristic of oxygen deficient 
and is stable in reducing atmosphere. The mixed valence 


Mo(VI)/Mo(V) sub-array provides electronic conductivity with 
a large enough work function to accept electrons from a hydro- 
carbon. As a MIEC that can accept electrons while losing 
oxygen, it also promises to be catalytically active to the oxida- 
tion of H: and hydrocarbons. The ability to lose oxygen while 
accepting electrons is realized because Mo(VI) and Mo(V) form 
molybdyl ions, which makes them stable in less than sixfold 
oxygen coordination, and both Mei" and Mn** are stable in 
fourfold as well as sixfold oxygen coordination [57]. The maxi- 
mum power density reached 438 mW cm~? for Sr: Mao 
at 800°C with dry CH4 as the fuel. 

Vernoux et al. [59] studied the catalytic and electrochemical 
characteristics of Lao.gSro.2Cro.97 V0.0303 (LSCV). They found 
this material exhibited a low activity towards CH4 steam reform- 
ing at 800 °C, although it has been shown to be stable over time 
and does not suffer from carbon deposition. When Ru as a steam 
reforming catalyst was added to this electrode to implement the 
gradual internal reforming process, the LSCV—YSZ composite 
was a promising anode material. 

Ruiz-Morales et al. [60] demonstrated symmetrical 
fuel cells (SFCs) using simultaneously the same material 
Lao.75Sr0.25Cro.5Mng,503_5 (LSCM) at the anode and cathode 
sides. Due to its enhanced electrochemical properties in both 
reducing and oxidizing conditions, LSCM-based SFCs offered 
promising performances, 0.5 and 0.3 W cm~? at 950°C using 
H: and CH; as fuels, respectively. 

Sauvet et al. [61] have studied the electrochemical prop- 
erties of Laj_,Sr,Crj_yRuyO3 (x=0.2, 0.3, 0.4 and y=0.02, 
0.05) in hydrogen and methane fuel at 750 and 850°C. They 
found the best performances were obtained with 30% of stron- 
tium doping; variation of the ruthenium content, approximately 
between 0.02 and 0.05, had little influence on the electro- 
chemical results. The electrochemical properties output were 
considerably improved by using a graded electrode and by sur- 
face coating the electrolyte with a thin ceria layer, approximately 
5 wm. For a ceria thickness higher than 5 um, the electrochem- 
ical performance was lower than that without the intermediate 
layer. At 750°C, the polarization resistance was 3.7 Q cm? in 
hydrogen and 40 Q cm? in methane for the YSZ/CeO2/graded 
Lao.7Sro.3Cro.95Rug.503-YSZ structure. Sauvet et al. [62,63] 
also studied Lay_,Sr,Crj_yNi,O3_3; compositions as a novel 
anode. They found these materials have some catalytic activity, 
although less than that of Ni composites. For methane steam 
reforming, no carbon deposition was observed when the ratio of 
steam to methane is | or less. 

Liu et al. [64] investigated the performances of compos- 
ite anodes consisting of an electronically conducting ceramic, 
Lao.gSro.2Cro.gMno.203_-3, an ionic conducting ceramic, 
Ceo.9Gdo,1O1.95 (GDC), and a small fraction Ni in a SOFC with 
H2, CH4, C3Hg, and C4H;ọ fuels, respectively. They found that 
the anode performance was comparable to that for Ni-GDC 
anodes with hydrogen and methane fuels. The anodes also pro- 
vided good performance with propane and butane and, unlike 
Ni-GDC, there was little or no coking. The 4 wt.% Ni content in 
the anode was necessary to obtain good performance, indicating 
that a small amount of Ni provides a substantial electrocatalytic 
effect while not causing coking. Initial cell test results showed 
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good cell stability and indicated that the anodes were not affected 
by cyclic oxidation and reduction. 

Jiang et al. [65] studied GDC-impregnated (Lag.75Sro.25) 
(Cro.sMno.s)O3 (LSCM) as an alternative Ni-free anode for 
the direct utilization of methane in solid oxide fuel cells. They 
found that impregnation of submicrometer and ionic conduct- 
ing GDC greatly improves the electrocatalytic activity of the 
LSCM anodes for the oxidation reaction in weakly humidified 
(3% H20) methane. At 800 °C, electrode polarization resistance 
for the reaction in wet CH4 is 0.44 Q cm? on a 4.0 mg cm~? 
GDC-impregnated LSCM anode. It showed superior polariza- 
tion performance to the pure LSCM and LSCM/YSZ composite 
anodes. 

Sin et al. [66] investigated Lap 6Sro.4Fep.gCop203—-Ceo,.g 
Gdo.201.9 (LSCFO-—CGO) composite material as an anode for 
the direct electrochemical oxidation of methane in intermediate 
temperature ceria electrolyte supported solid oxide fuel cells. 
A maximum power density of 0.17 W cm~? was obtained at 
800°C. The anode did not show any structure degradation after 
the electrochemical testing and no carbon deposits was detected. 
After high temperature treatment in a dry methane stream in a 
packed-bed reactor, this material showed significant chemical 
and structural modifications. It is derived that the continuous 
supply of mobile oxygen anions from the electrolyte to the 
anode, promoted by the mixed conductivity of CGO at 800°C, 
stabilizes the perovskite structure near the surface under SOFC 
operation and open circuit conditions. 

Doped SrTiO3 is also a kind of promising anode materials. 
Fagg et al. [67] studied the stability and mixed conductivity of 
La and Fe doped SrTiO3 for potential SOFC anode materials. It 
was found that both physical properties and the level of mixed 
conduction obtained in La and Fe doped SrTiO3 are widely influ- 
enced by the composition. In contrast to La free compositions, 
La containing compositions show high stability against reaction 
with YSZ and a closely matching thermal expansion coeffi- 
cient (~1 x 1075 K~!). Faradaic efficiency measurements for 
Sro.97 Done ben Aa and Lao.4Sro.5 Tip 6Feo.403_3 show ionic 
transference numbers in air between 5 x 1073 to 4 x 1072, and 
2 x 1074 to 6 x 1074, respectively, decreasing with decreasing 
temperature. The substitution of La for Sr is observed to deplete 
the level of both ionic and total conductivity obtained in air. 

Hui et al. [68] investigated yttrium-doped SrTiO; (SYT) 
as an anode material for solid oxide fuel cells in terms 
of electrical conductivity, phase stability, redox behavior, 
chemical compatibility with yttria-stabilized zirconia and 
Lao.g8Sro.2Gao.3Mgo.202.8 (LSGM), thermal expansion coef- 
ficient, and fuel cell performance. With the optimized 
composition Sr ge Y0.0gTiO3_5, the electrical conductivity was 
up to 82Scm™! at 800°C, under oxygen partial pressure of 
107!° atm. A reversible change of conductivity was observed 
upon oxidation and reduction. The resistance to oxidation was 
enhanced by partially replacing Ti with transition metals such 
as cobalt. This material has high structural stability over a broad 
range of temperature (up to 1400°C) and oxygen partial pres- 
sure (I-10~° atm). No phase change was found for mixtures of 
SYT with YSZ or LSGM sintered at 1400 °C for 10h. The ther- 
mal expansion coefficient of doped-SrTiO3 was determined to 


be compatible with that of YSZ and LSGM. A maximum power 
density of 58 mW cm? at 900°C was obtained. 

Perovskite-type lanthanum chromites and titanates oxides 
substituted with alkaline earth ions are interesting candidate 
materials with tailored electrocatalytic properties. Mixed occu- 
pation of the B-site by varying Cr/Ti ratios gives the possibility 
of modification between donor and acceptor doping. Vashooka 
et al. [69] investigated the electrical properties of a series 
of Laj_,Ca,Cro5Ti9 503-5 (x=0, ..., 1.0). They found that 
the compounds with x>0.6 are p-type and with x<0.4 n- 
type semiconductors at 900°C and oxygen partial pressures 
between 1 x 107!> and 0.21 x 10° Pa. Lao.5Cao.5Cro5Ti9.503_5 
and Län 6Cao,4Cro.sTi9,503-3 change their conductivities from 
n-type in the range p(O2)< 10-!° Pa and p(O2)< 1075 Pa, 
respectively, to p-type in more oxidizing atmosphere. For the 
compound with x=0.5, its conductivities are changed between 
n- and p-type. In more reducing conditions where the ratio 
Ti**/Ti** acts, they are n-type semiconductors, and in more 
oxidizing where the ratio Cr°+/Cr** acts, they are p-type semi- 
conductor. For the compound with x=0.5 in Ar/H2/H20 gas 
flow (p(H20)/p(H2) = 0.53) at 900 °C, a maximum conductivity 
of about 1 Scm7! was observed. 

Pudmich et al. [70] also investigated several perovskites 
based on lanthanum chromite and strontium titanate used 
as anodes in solid oxide fuel cells. They found perovskites 
containing lanthanides, partially substituted by alkaline-earth 
elements and transition metals like Cr, Ti, Fe or Co, showed 
a very broad range of physical properties. High conductiv- 
ity was obtained with titanium-rich materials, in the case of 
chromium-rich samples the conductivity dropped under reduc- 
ing conditions. Impedance measurements showed an activity of 
the Lao.7Sro.3Cro.8Tio.203 perovskite electrode towards hydro- 
gen oxidation, but the performance of the electrode is still poor 
compared to that of Ni-YSZ cermet anodes. 

Marina et al. [71] investigated (La,Sr)TiO3 doped with sev- 
eral transition metals (Ni, Co, Cu, Cr and Fe) and Ce. They 
found the most effective among these dopants is cerium, which 
significantly decreases the polarization resistance, although iron 
also produces modest improvements. For (La,Sr)(Ti,Ce)O3, 
the anode polarization resistances of 0.2 Q cm? at 850°C and 
1.3 Qcem? at 700°C were measured in wet (3% H20) hydro- 
gen. It was demonstrated that doped strontium titanate-based 
anodes are tolerant to oxygen, carbon and sulfur contain- 
ing atmospheres. In addition, Lepe et al. [72] investigated 
Lny/3_,T1i03_3,/2 (Ln=La, Pr and Nd) as SOFC anodes. Mashk- 
ina et al. [73] investigated the electrical conductivity of Fe-doped 
BaTiO3 system. 

Vernoux et al. [74] investigated the performances of 
La(Sr)Cr(Ru,Mn)O3_5 defective perovskite materials as an 
anode material. By inserting ruthenium in the B site, the cat- 
alytic activity of this material for the steam reforming of methane 
has been improved. Catalytic performances are stable, and no 
carbon deposit was detected, even after 300h of operation in a 
reactive mixture containing more methane than steam. It also 
has shown that the insertion of manganese in the B site acceler- 
ates the electrochemical oxidation of hydrogen compared with 
the strontium-doped lanthanum chromite. It indicated that these 
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perovskite materials are potential candidates as SOFC anode 
materials for implementing gradual internal reforming (GIR) of 
methane. 

Lao.9Sro.1 Gao.3Mg0.202.85 (LSGM) has been identified as a 
superior oxide-ion electrolyte [75-78], it has an oxide-ion con- 
ductivity ga > 0.1 Scm7! at 800°C, good chemical stability, 
negligible electronic conduction over a broad range of oxygen 
partial pressures, and a stable oxide-ion conductivity over time 
at 600°C in preliminary aging tests. Therefore, several stud- 
ies on anode materials used for LSGM electrolyte based SOFC 
were also carried out. Similar to YSZ based SOFCs, Huang et 
al. [79] have studied Ni-LSGM composite used as the anode for 
LSGM based SOFCs. However, the observed anodic overpoten- 
tials were high and the cell performance showed degradation 
with time. Studies of the anode-electrolyte interface and the 
reactivity of NiO and LSGM suggest better anode performances 
can be obtained with a buffer layer that prevents formation of 
LaNiO3. To introduce electronic conduction while maintaining 
the existing ionic conduction, Chen et al. [80] studied transition 
metal oxide doped lanthanum gallates used as MIEC electrodes. 
They found that Lag.9Sro,1Gao.3Mo.203 (M=Co, Mn, Cr, Fe, 
or V) displayed not only higher conductivity but also better 
sinterability than that of LSGM. Among the doped LaGaO3 
studied, Co-doped LaGaO3 exhibits the highest conductivity in 
air and Mn-doped LaGaO3 exhibits the highest conductivity in 
Ho, implying that the former may be used as a cathode whereas 
the latter may be used as an anode for LSGM-based SOFCs. 
Electrochemical measurements using an oxygen concentration 
cell indicate that Lag,oSro,1Gao.3Mno.203 is a MIEC with sig- 
nificant ionic conduction whereas Lag.9Sro,;Gag.gCo9 203 is a 
MIEC with overwhelming electronic conduction. 

The new materials design concepts are also introduced to 
improve properties of the present materials. Recently, Ruiz- 
Morales et al. [81] used a novel design concept of inducing 
functionality through disorder of extended defects to enable fuel 
cells to more efficiently operating with CH4. They substitute Ti 
in LaSrTiO3 with Ga and Mn to induce redox activity and allow 
more flexible coordination. Using LagSrgTi;;Mno,5Gao,5037.5 
as an anode, the maximum powder density reached 0.35 W cm~? 
at 950°C with wet CHy as a fuel. 


2.2.3. Tungsten bronze anode materials 

Oxides with the general formula A2BM50 15 (with M=Nb, 
Ta, Mo, W, and A or B=Ba, Na, etc.) show a tetragonal tung- 
sten bronze structure (TTB) or an orthorhombic tungsten bronze 
structure (OTB) [82]. The structure of tungsten bronze type com- 
pounds is shown in Fig. 5 [83]. These oxides can be described 
by a framework of MO¢ octahedra sharing summits, delimiting 
tunnels of pentagonal, square and triangular sections. 

Slater et al. [84,85] investigated materials with the composi- 
tion (Ba/Sr/Ca/La)o6M,Nbi_,O3_5 (M=Mg, Ni, Mn, Cr, Fe, 
In, Ti, Sn) used as anode materials for solid oxide fuel cells. They 
found that the compounds (with M=Cr, Mn, Fe, Ni, Sn) are not 
to be suitable for anode materials, either because of poor oxygen 
exchange kinetics, possibly due to low oxide-ion conductivity 
or because of partial decomposition on prolonged heat treatment 
at 1000 °C in reduction atmospheres. However, the compounds 


Fig. 5. The tungsten bronze structure [83]. 


(with M = Mg or In) showed quite good conductivity character- 
istics and were stable under the prolonged reduction treatment, 
which are potential anodes for SOFCs. 

Kaiser et al. [86] studied a wide range of different 
materials with tungsten bronze structures and the formula 
(Ba/Sr/Ca/La)o 6M,,Nb1~,03_3(M=Meg, Ni, Mn, Cr, Fe, In, 
Ti, Sn) used as the anode in SOFCs. They found that 
Sro.2Bao.4Tio.2Nbo.803 exhibits the highest electronic conduc- 
tivity of about 10S cm™! at p(O2) = 107” atm and at 930°C. 


2.2.4. Pyrochlore anode materials 

The pyrochlore-type oxides, A2B207, can be derived from 
fluorite, by removing 1/8 of the oxygens, ordering the two 
cations and ordering the oxygen vacancies. The structure of 
pyrochlore-type oxides is shown in Fig. 6. The pyrochlore 
structures oxides, Gd2TizO7 (GT), were also considered for 
use in solid oxide fuel cells [87-89]. By replacing some of 


Fig. 6. The pyrochlore, A2B207 structure. 
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the Gd*+ with Ca**+, oxygen vacancies in the A20 network 
are created, significantly increasing the ionic conductivity. At 
1000 °C, the ionic conductivity of (Gdọ.9g8Cao.02)2 Ti207 is about 
107? Scm!, which is comparable to YSZ [90,91]. Mo doped 
GT has been shown to have a very high mixed ionic and elec- 
tronic conductivity under reducing conditions, making it suitable 
as an anode material [92]. It was found that the electrical conduc- 
tivity of Gd2(Tij_,Mo,)2O7 is about 70S cm7! and 25S cm7! 
for x=0.7 and 0.5, respectively, at p(Oz) around 107% atm. 
However, this pyrochlore solid solution is only stable at a certain 
p(Oz2) range at high temperature. 

Mixed ionic electronic conductivity may be obtained for 
zirconates containing cations that may change valences with 
changing oxygen partial pressure. Mogensen et al. [93] investi- 
gated three different pyrochlore systems that are (a) Gd: Ti O7 
modified by Mo, (b) Pr2Zr207+5 modified by the multivalent 
cations Mn and Ce on the Zr-site, and (c) ProSn2O7+5 modi- 
fied by In on the Sn-site. It is indicated that the pyrochlore solid 
solution Gd2TiMoO75 may be a possible candidate as an anode 
material in a SOFC based on a YSZ electrolyte. By optimizing 
the composition, these materials may be achieved an extention of 
the p(O2) range with stable pyrochlore structure and an increase 
in the total electrical conductivity. 


2.3. Sulfur tolerant anode materials 


Matsusaki et al. [22] studied the effect of process variables on 
the degree of H2S poisoning effect for Ni based anodes by cell 
impedance analysis. They found that the SOFCs utilize Ni-YSZ 
cermet anodes are susceptible to poisoning by sulfur contents 
as low as 2ppm H2S at 1273 K. While the performance loss 
is reversible at H2S concentrations less than 15 ppm, the poi- 
soning effect became more significant at lower cell operating 
temperatures and that poisoning time was relatively constant 
at low H2S concentrations (<100 ppm). Their work also con- 
cluded relaxation times (for H2S poisoning) decreased with 
increasing operating temperature. Therefore, it is highly desir- 
able to develop anode materials that are not deactivated by 
sulfur-containing fuel gases. 

The desired sulfur tolerant anode materials must be elec- 
tronically conductive, chemically and thermally stable, and 
catalytically active for the oxidation of H2S, H2 and CO. Wang 
et al. [94] prepared Yo.9Cao.1 Fetz (CYF) based sulfide material 
by exposing CYF to a gas mixture of 96% H: and 4% H2S at 
900°C, and they further obtained lithiated sulfide. They studied 
the performances of the lithiated sulfide material as the anode 
in H2S-containing gases. They found the addition of lithium 
into the sulfides significantly increases the electrical conductiv- 
ity but does not lead to a significant change in phase structure. 
Its conductivity was about 0.02Scm7! at 650°C. However, 
the catalytic activity and long-term stability of this material as 
electrodes are not studied. 

He et al. [95] demonstrated the high sulfur tolerance of 
Cu—CeO2-YSZ anodes operated at lower temperature using H2 
fuel containing H2S impurities. They found that H2S levels up 
to 450 ppm had no effect on anode performance at 800°C. At 
higher H2S concentrations, anode failure was observed, which 


are attributed to the reaction of the CeO2 with H2S to form 
Ce202S. 

Mukundan et al. [96] studied the sulfur tolerance of 
YSZ/La,_,Sr,BO3 (B=Mn, Cr, Ti) anode materials in a 
H2/H20 fuel containing H2S at 1000°C. They found the 
Sro.6Lao9.4Ti03/YSZ (50/50 wt.%) anode showed no degrada- 
tion in the presence of up to 5000 ppm of H2S in a hydrogen 
fuel. This anode was also able to operate for 8 h with 1% H2S as 
a fuel and showed no degradation when the fuel was switched 
back to hydrogen. 

Recently, Zha et al. [97] reported a pyrochlore-based 
anode material Gd2Ti;.4Moo607 showed remarkable toler- 
ance to sulfur-containing fuels. In a fuel gas mixture of 10% 
H2S and 90% Hb, the anode/electrolyte interfacial resistance 
was only 0.2 Qcm?, demonstrating a peak power density of 
342 mW em". The fuel cell operated under these conditions 
for 6 days without any observable degradation, suggesting that 
this material have potential to make SOFCs powered by readily 
available sulfur-containing fuels. 

Cheng et al. [98] analyzed the stability of various candidate 
materials for tolerance to sulfur in SOFC anode atmosphere 
using principles of thermodynamics. Their results help to rule 
out a large number of candidates such as most transition metal 
carbides, borides, nitrides, and silicides. Estimation of the ther- 
mochemical data for oxides with perovskite structure provides 
valuable predictions about the stability of those materials. 


3. The development of kinetics, reaction mechanism 
and models of anode 


Understanding the reaction mechanism and kinetics that 
occur on the anode is very important for the development and 
optimization of anode materials. The kinetics includes the kind 
of the chemical and of the electrochemical reactions as well as 
their reaction rates, the surface species, and the electrochemical 
parameters, such as reaction rate constants, surface coverages, 
and sticking coefficients. Detailed knowledge on each of these 
aspects allows, in principle, to determine the limitations of the 
fuel cell processes with regard to the electrochemistry. The main 
focus on the kinetics of anodes is to find the rate limiting reac- 
tion step(s) of the anodic process. This information is important, 
since the performance of an electrode could be considerably 
enhanced, if the limiting processes are identified. The electrode 
could then be specifically designed so that the limitations can be 
reduced or even avoided. 

In the last decade, numerous mechanistic theories have been 
argued to identify the rate-controlling mechanism under various 
operating conditions [99], including reactivities and charge tran- 
sfer [16,100—106], surface diffusion [102,104,106,107], adsorp- 
tion [102,110], sintering and/or impurities [16,104,108,109], 
hydrogen desorption rates [104,110], catalytic effects of water 
[110], the role of the YSZ support [16], and others. 

Mogensen and Yokokawa et al. [16,106,111] summarized 
the anodic oxidation of hydrogen can be limited by several 
processes: (i) electrochemical and chemical reaction steps 
at the TPB, (ii) physical transport restrictions for electrons 
and oxide ions in the solid structure (such as the reactions: 


256 C. Sun, U. Stimming / Journal of Power Sources 171 (2007) 247-260 


O? —> Ong +2e7), (iii) surface adsorption and (iv) surface 
diffusion of species (Hag, Oaa, OHaq ) on anode surface or 
diffusion of H in the anode metal to the reaction sites, and 
(v) by gas diffusion in the anode structure. Furthermore, (vi) 
concentration polarization in the gas outside the anode structure 
can contribute to actual measurements without having any 
relation to the anodes investigated. One of these steps can be 
rate-determining for anodic reaction. Therefore, the reaction 
process must be clarified to minimize anodic overpotential and 
improved the performances of SOFCs. 

Different electrochemical models mainly agree with regard to 
the adsorption and to the desorption behavior of hydrogen as well 
as to the formation of hydroxyl. Major diversity is concerning 
the location where the chemical and the electrochemical reac- 
tions take place (either merely on the Ni surface or equally on the 
Ni and on the YSZ surface, respectively) as well as the reactions 
related to the interstitial oxygen in the YSZ, the adsorption and 
the desorption behavior of water, and the charge transfer step. In 
addition, the removal of oxygen from the YSZ is also assumed to 
proceed rather differently: the oxygen becomes either adsorbed 
onto the YSZ surface, or it forms a hydroxyl interstitial, or 
a negatively charged hydroxyl on the Ni surface, or water is 
immediately formed without any intermediate step [112]. 

Typically, Holtappels et al. [113,114] and Mogensen et 
al. [104] suggested the possible role of interstitial hydrogen 
and hydroxyl formation at the Ni/YSZ interfaces as shown in 
Fig. 7(a). Jiang et al. [102,115] found that hydrogen oxidation 
in Ni anodes is controlled by two electrode process on the surface 
of Ni particles and a charge transfer process on zirconia elec- 
trolyte surface. They considered the effects of surface reactions 
on YSZ surface as shown in Fig. 7(b). When H20 is mixed with 
Hp, the adsorption of H20 occurred preferably on the Ni surface, 
which forms OH-Ni as a reaction species. The following steps 
are considered as reaction processes: 


Haa—Sm and/or Haa—O-Sm — Had, oxide (at TPB) (6) 


CO" (oxide) + 2Had,oxide 
— H20 tie (oxide, near TPB) + Vo°® (oxide) (7) 
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Fig. 8. Schematic diagram of the competitive adsorption mechanism on Ni/YSZ 
anode [116]. 


where Sy is an active metal surface site for adsorption, O-SM 
is an active metal surface site adjacent to an Ogq or sub- 
oxide. Eq. (7) is the charge transfer reaction near the TPB and 
the rate-determining reaction. For considering this process, the 
adsorption of hydrogen on the metals must be taken into account. 

The schematic representations clarify the specific elemental 
reaction steps assumed to take place at the interface of metal 
anode, electrolyte, and gas phase. This indicates the important 
role of the three phase boundaries in the kinetics of the hydrogen 
oxidation reaction. Optimization of the three phase boundary 
areas led to the identification of the most important stages in 
the fabrication of anodes and in the development of the anode 
microstructure. 

Thara et al. [116] investigated the detailed dependence of 
de polarization and interfacial conductivity of Ni/YSZ cermet 
anode on the partial pressure of hydrogen, p(H2). Based on the 
experimental results, they developed a Langmuir reaction model 
as shown schematically in Fig. 8, which links the chemical reac- 
tions on the anode with the electrical characteristics of the anode, 
such as the de polarization and the interfacial conductivity. In 
their model, they assumed competitive adsorption equilibrium of 
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Fig. 7. Schematic diagram of possible reaction process for H: oxidation around the H2—H2O/anode/electrolyte interfaces [111]. (a) Proposed by Holtappels et al. 


[113,114]; (b) proposed by Jiang and Badwal [102,115]. 
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H2, H20, and O on Ni surfaces at the three-phase boundary, and 
assumed the rate-determining step to be Langmuir-type reac- 
tions of Haq with Ogg. They concluded that both their measured 
dependencies and previously published dependencies were suc- 
cessfully reproduced by their reaction model. Furthermore, they 
found the adsorption of Hz at the TPB can be affected by the 
electrolyte (YSZ) at the TPB in a cermet anode. 

Williford et al. [99] proposed a model to describe how 
concentration polarization is controlled by two localized phe- 
nomena: competetive adsorption of reactants in areas adjacent 
to the reactive TPB sites, followed by relatively slow sur- 
face diffusion to the reactive sites. Results suggest that future 
SOFC anode design improvements should focus on optimiza- 
tion of the reactive area, adsorption, and surface diffusion at the 
anode/electrolyte interface. 

Recent years, some new in situ experimental technologies 
are also used to insight into the anode reaction mechanism. 
Traditionally, the electrochemical techniques (impedance spec- 
troscopy and voltammetry) can provide detailed information 
about the rates of processes occurring in situ, but are not informa- 
tive for assigning directly the molecular species that participate 
in the electrochemical reactions themselves. In contrast, opti- 
cal spectroscopy is capable of identifying molecular structures 
present on SOFC electrode surfaces. Sum et al. [117] used 
Raman spectroscopy to study oxygen adsorption on Pt electrodes 
at temperature up to 500°C, a process directly relevant to cath- 
ode operation in SOFCs. Lu et al. [118] examined the infrared 
emission from SOFC cathodes at 550°C with a FTIR spectrom- 
eter and assigned vibrational features to surface oxide anions, 
based on spectral changes that depended upon applied potential. 
Although these studies are related to cathode reaction, they are 
also instructive to investigation on anode reaction mechanism 
in SOFCs. Recently, Pomfret [119] characterized in-situ chemi- 
cal processes occurring in SOFC operation environments using 
high temperature Raman spectroscopy. The obtained informa- 
tion included temperature-dependent structural changes in YSZ 
electrolytes, reversible reduction and oxidation of Ni, carbon 
formation from hydrocarbon feeds, and subsequent oxidation of 
the deposited carbon by atmospheric H20. 

As mentioned in the preceding sections, the main problem 
preventing direct oxidation hydrocarbons is that they can lead 
to carbon deposition at high temperatures. Recently, Kim et al. 
[120] studied the formation and removal of the carbonaceous 
deposits formed by n-butane and liquid hydrocarbons between 
973 and 1073 K on YSZ and ceria~YSZ. They found that gas- 
phase, free-radical reactions can lead to the formation of high- 
molecular weight polyaromatic compound in the anodes, even 
when using anodes that do not catalyze the formation of carbon. 
Because steam does not participate in the gas-phase reactions, 
carbon deposits could form even at a H2O:C ratio of 1.5, a value 
greater than the stability threshold predicted by thermodynamic 
calculations. These compounds deactivate the anode by essen- 
tially filling the pores. However, it is possible to oxidize these 
polyaromatic compounds using steam generated in the electro- 
chemical reactions if the surface of the anodes contains catalyt- 
ically active compounds, such as ceria. In addition, strategies 
that can be used to avoid carbon formation were also outlined. 


Zhu et al. [121] developed a computational framework for 
modeling chemically reacting flow in anode-supported solid 
oxide fuel cells. Their model considers the coupled effects of 
channel flow, porous-media electrode transport, heterogeneous 
reforming and partial-oxidation chemistry, and electrochemistry 
in SOFCs operating with CH4, H2, and CO. They found that the 
electrochemical parameters of the model are in concert with 
experimentally measured button-cell performance operating on 
dilute hydrogen. The heterogeneous chemical reaction mecha- 
nism is validated through analysis of oxidative steam reforming 
of methane on Ni catalysts. The model can be applied to inves- 
tigate alternative design and operating conditions, seeking to 
enhance understanding and interpretation of the underlying 
physical and chemical processes. 

Hao etal. [122] recently developed a two-dimensional numer- 
ical model of a single-chamber solid oxide fuel cell (SCFC) 
operating on hydrocarbon fuels. The model is able to simulate 
the operation of SCFC with various geometries and under var- 
ious operating conditions. It accounts for the coupled effects 
of gas channel fluid flow, heat transfer, porous media trans- 
port, catalytic reforming-shifting chemistry, electrochemistry, 
and mixed ionic—electronic conductivity. This model solves for 
the velocity, temperature, and species distributions in the gas, 
profiles of gaseous species and the coverage of surface species 
within the porous electrodes, and the current density profile in 
a SCFC stack for a specified electrical bias. They claimed the 
model is general, and can be used to simulate any electrode 
processes for which kinetics are known or may be estimated. 
A detailed elementary mechanism is also used to describe the 
reactions over the anode catalyst surface. 


4. The development of cost-effective processing 
technologies for anode 


For SOFCs commercialization, cost reduction is still a key 
issue. Various strategies have been adopted to achieve cost 
reduction, such as use of less expensive materials (for instance, 
preparation of powders through low cost processes), develop- 
ment of novel materials enabling operation at lower temperature, 
and optimization of fabrication processes. 

The SOFCs are operated at lower temperatures, either by 
the development of ultra-thin dense, impermeable zirconia elec- 
trolyte films, or by the use of alternative solid electrolytes to 
YSZ, such as gadolinia-doped ceria or lanthanum gallate based 
structures. The lower operation temperature relaxes materials 
specifications throughout the system, permits the use of lower 
cost metallic structural and interconnect components. Another 
benefit is the diminished thermomechanical stress and reaction 
at these lower temperatures, significantly improving durability 
[1]. Lowering the operating temperatures of the SOFC would 
bring very significant cost benefits in terms of the scope of 
interconnect, manifold and sealing materials which can be used 
[123]. 

As for fabrication processes, tape calendaring, tape casting, 
slurry dip coating, and electrochmical vapor deposition (EVD) 
have been used extensively for the fabrication of a functional 
anode electrode or an anode support [124]. Compared with other 


258 C. Sun, U. Stimming / Journal of Power Sources 171 (2007) 247-260 


technologies, the investment cost for EVD apparatus is higher. 
In the case of electrolyte-supported cells, the fabrication of the 
electrolyte and electrode is dominated by tape casting and screen 
printing, respectively [125]. Both fabrication processes are well- 
established methods in the electroceramics industry and a scale- 
up is easily feasible. For the anode-supported cells, the substrates 
are predominantly produced by tape casting [126-131]. Usually 
an anode functional layer of a few micrometers in thickness is 
then deposited onto the substrate to enhance the electrochemical 
performance. A widely used deposition technique for the thin 
anode, electrolyte and cathode layers is screen printing. In some 
cases, vacuum slip casting [132], wet powder spraying [133], wet 
slurry printing [134] are also applied for the forming of anodes. 
For reducing cost, Siemens Power Generation has demonstrated 
a two-step process used to coat 100-150 um thick nickel/YSZ 
over the electrolyte layer. In the first step, nickel powder slurry 
is applied over the electrolyte. In the second step, YSZ is grown 
around the nickel particles by the same EVD process as used for 
depositing the electrolyte. Deposition of the Ni-YSZ slurry over 
the electrolyte followed by sintering has also yielded anodes that 
are equivalent in performance to those fabricated by the EVD 
process; use of this non-EVD process will result in a substantial 
reduction in the cost of manufacturing SOFCs [135]. 

It is known that the conventional coating technologies, such 
as tape casting and screen printing, have to go through a high 
temperature sintering process. For large area cells, this step is 
a time-consuming process and will inevitably introduce a lot of 
defects. Recently, atmospheric plasma spraying (APS) is con- 
sidered as a cost-effective way to produce solid oxide fuel cell 
components [136-138]. Different from vacuum plasm spray 
(VPS) process, APS is a coating process under normal pres- 
sure conditions. During this process, the ceramic thermal barrier 
coating is sprayed on the substrate by means of a robot-assisted 
plasma gun, which traverses repeatedly above the substrates at 
a specific speed. The main advantage of porous metallic sup- 
ported thin coating cell fabricated by APS is to allow enlarging 
the cell area without sintering defect and improve its mechanical 
properties [137]. In addition, APS easily controls the compo- 
nent composition and microstructure through variation of spray 
parameters. Moreover, compared with other deposition tech- 
niques such as EVD and VPS, APS does not need sophisticated 
apparatus and controlled atmosphere which would increase the 
cost of fabrication. Furthermore, the high deposition rate of APS 
promises inexpensive and fast cell production with potential 
automation production lines. Another new adopted technology 
is Laser Reactive Deposition (LRD™) process, which is a recent 
invention initially developed to fabricate high quality thick glass 
films for planar lightwave circuits [139]. LRD™ is a Laser 
Pyrolysis (LP) process for direct conversion of low-cost pre- 
cursors, delivered to the reactor as an aerosol, into submicron or 
nanoscale particles with uniform and high rate deposition. Dur- 
ing LP process, one or more components of the precursor stream 
obtain energy from the laser beam and nucleation events are ini- 
tiated as the stream traverses the laser reaction zone. Horne et 
al. [140] recently investigated fabrication of SOFC components 
(Ni-8YSZ anodes, 8YSZ electrolyte, and Sr-doped LaMnO3 
cathode) by the LRD™ process from mixtures of the respec- 


tive metal nitrates. Their results indicated that LRD™ process 


is suitable for fabrication of porous and dense layers with vari- 
ous compositions and tailored micostructures at high deposition 
rates. The LRD™ process converts low cost metal precursors 
into SOFC components directly, thus eliminating the need to 
undertake powder synthesis, calcinations, slurry preparation, 
tape formation and binder burnout steps which are required in 
conventional SOFC cell fabrication. By simplifying the man- 
ufacturing process, it achieves low SOFC stack manufacturing 
cost. Although different processes are used for the fabrication of 
anode and electrolyte in SOFCs, the main selection criteria for 
the future fabrication route are still the cost aspects, the poten- 
tial for automation, reproducibility and precision of the different 
techniques [125]. 


5. Summary and outlook 


In summary, the advantages and disadvantages of the most 
common Ni-YSZ cermet anodes have been discussed. The 
development of alternative anode materials is significant for 
direct utilization available hydrocarbon SOFCs and their com- 
mercialization. We introduced the research advances of several 
alternative anode materials with various crystal structures. 
Although alternative anodes that allow for the operation of 
SOFCs directly on hydrocarbons have been developed, hitherto, 
there are still some problems associated with all the alternative 
materials, mainly low catalytic activity compared with that of 
Ni. In addition, some materials are not sufficiently stable under 
operation conditions. The composition and microstructure of 
these anodes also need further optimization in order to improve 
their electrochemical characteristics. 

The current studies on reaction mechanism and kinetics of the 
anode in SOFCs are mostly focused on that of H2 on Ni-YSZ 
anodes. The reaction mechanism and kinetics of hydrocarbons 
on alternative anode should be intensively studied in the future. 
By means of in situ FTIR/Raman, impedance spectroscopy, and 
MS/GC measurements, characterization of fuel cell reactions 
may be beneficial for clarify the catalytic reaction mechanism 
occurred on the anode in SOFCs, thus to achieve design of new 
anode materials tolerant to carbon deposition and sulfur poi- 
soning. In addition, development of rational numerical models 
to stimulate the electrochemical and thermodynamic processes 
occurred on electrodes in SOFCs operation environments also 
helps for optimizing the anode materials and improving the 
performances of SOFCs. 

For SOFCs commercialization, cost reduction is still a key 
issue. Various processes have been used for the cost-effective 
fabrication of anode for the solid oxide fuel cells. 
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